The melting process of a Zn ingot in the continuous hot dip plating bath was investigated using an ice prism simulated with Nu number and a transparent cold model vessel with a reduced scale of one-tenth. The ice prism was used as a model for the Zn ingot. The Nusselt number similitude was selected to determine the size of the ice prism. The melting process of the ice prism fixed in the entry region was observed with a high-speed video camera. The local heat transfer coefficient around the ice prism was calculated from the local melting rate of the prism. The mean flow velocity and the root-mean-square (r.m.s.) value of the turbulence component of water flow approaching the ice prism were measured with a hot-wire anemometer. The mean heat transfer coefficient calculated by averaging the local heat transfer coefficients over the entire surface of the ice prism was hardly dependent on the turbulence intensity under the Reynolds number range considered. The turbulence intensity was defined as the ratio of the r.m.s. value of the turbulence component to the mean flow velocity.
Introduction
In the continuous hot dip galvanizing line, the chemical compositions of the plating melt is controlled by providing Zn and Al ingots into the melt. The melting temperatures of these ingots are different from each other. The melted ingots diffuse in the whole plating bath due to turbulent flow approaching them. The melting process of the ingots is therefore important for homogenizing the chemical compositions of the plating melt, and, accordingly, producing high quality hot dip plated sheets efficiently. So far, information on the local and mean heat transfer coefficients of ingots immersed in the real plating bath is very limited. 1) Considering these circumstances, cold model experiments were carried out in this study for investigating the melting phenomena of Zn ingots in the hot dip plating bath. The experimental apparatus had a reduced scale of one-tenth. The plating melt and the Zn ingot were modeled with tap water and an ice prism, respectively. In analyzing the melting behavior of the ice prism, information on the mean heat transfer coefficient is required. An empirical equation proposed by Whitaker 2) originally for approaching flows of very low turbulence intensity was found in this study to be valid for predicting the mean heat transfer coefficient, although the turbulence intensity was very high.
Concept of Model Design

Model for hot dip plating bath
The melting process of a Zn ingot in the hot dip plating bath is influenced by fluid flow around the ingot. The following Reynolds number therefore was used to provide the dynamic similitude between the hot dip plating bath and the cold model bath.
where L is the density of the plating melt, L is a characteristic length, v s is the strip velocity, L is the dynamic viscosity of the plating melt. As the characteristic length, L, the diameter of the sink roll, D, was selected in this study. It was difficult to let the Reynolds number for the model coincide that for the real bath. Fortunately, this dynamic similitude can be relaxed as long as the flows both in the one-tenth cold model bath and the real bath are highly turbulent.
3) The Reynolds number in this model was therefore set to be the order of magnitude of 10 5 by adjusting the sink roll diameter and the belt velocity.
Model for Zn ingot 2.2.1 Nusselt number similitude
The melting process of a Zn ingot is influenced by heat transfer between the plating bath and the ingot. When the geometrical similitude is satisfied, the Nusselt number similitude is commonly applied to provide the size of the model ingot.
Water was used as a model liquid for the plating melt. An ice prism of 0 C in temperature was used as a model for the Zn ingot. The mean Nusselt number for the real process, " N Nu R , is given by:
where h R is the mean heat transfer coefficient, L pR is a characteristic length of the Zn ingot, and R is the thermal conductivity of the plating melt. The subscript R denotes the real process. On the other hand, the Nusselt number for the model, " N Nu M , is defined by:
where h M is the mean heat transfer coefficient for the ice prism, L pM is a characteristic length of the ice prism, and M is the thermal conductivity of the tap water. The subscript M denotes the model. The characteristic length of the ice prism, L pM , can be determined by using eqs. (4) through (11) shown in the following.
Previous empirical equation for mean
Nusselt number Empirical equations for the mean Nusselt number of a prism shown later in Fig. 1 are not available because its shape is rather complicated. Accordingly, the prism was, for convenience, replaced by a sphere of which surface area is N Nu R , for a sphere immersed in molten metal flow is expressed by:
where Pe R is the Peclet number, Pr R is the Prandtl number, and Re pR is the Reynolds number of the sphere. Equation (4) is applicable to heat transfer around a sphere immersed in a turbulent molten metal flow. This equation can be used in this analysis because the flow around the prism is also turbulent. The Prandtl number, Pr R , is defined by:
where Cp R and R are the specific heat and the dynamic viscosity of the plating melt, respectively. The Reynolds number, Re pR , is defined by:
where v aR is the mean velocity of flow approaching the Zn ingot immersed in the plating melt. The value of v aR was estimated from the cold model experiment shown in the previous paper 3) (v aR ¼ 1:5 Â 10 À2 m/s). Also, R is the kinematic viscosity of the plating melt and L pR is the equivalent diameter of the Zn ingot. As the initial surface area of the Zn ingot is 2.35 m 2 , L pR is 0.86 m. It should be noted that no information is available at present on the effect of turbulence intensity on the mean heat transfer coefficient from a solid body immersed in molten metal flow. This is the reason why eq. (4) The following empirical equation for the mean Nusselt number, " N Nu M , is used for the cold model. 
where Pr M and Re pM are the Prandtl number and the Reynolds number of the cold model, respectively. Equation (8) was selected because of its simplicity. The Prandtl number, Pr M , is given by:
where Cp M is the specific heat of tap water, and M is the viscosity of tap water. The Reynolds number, Re pM , is given by:
where v aM is the mean velocity of flow approaching the ice prism, M is the kinematic viscosity of water, and L pM is the equivalent diameter of the ice prism. The temperature of the water in the bath was 20 C. The characteristic length, L pM , can be calculated from:
Solving eq. (12) for L pM yields:
It should be stressed that the reduced scale of the transparent cold model vessel was one-tenth but the reduced scale of the ice prism was not one-tenth because it was determined based the Nusselts number similitude. Figure 1 shows a schematic of the experimental apparatus. The main specifications of the cold model are listed in Table 1 . A sink roll was placed in the transparent acrylic vessel. An endless belt was driven by two driving rolls, though they were omitted in Fig. 1 in order to avoid crowding in the figure. This apparatus was settled on an aluminum bed. The origin of the Cartesian coordinate system (x, y, z) was placed at one of the corners of the vessel. The flow field in the bath was divided, for convenience, into three regions by referring to the previous paper; 4) the entry region, the exit region, and the region enclosed with the belt.
Experiment
Experimental apparatus
Melting process of ice prism
The experimental conditions are listed in Table 2 . The belt velocities, v sM , were 0.75, 1.0 and 1.5 m/s, and in every case an ice prism was immersed in the entry region of the bath for 95.6 s. The volume of the water in the bath was 2:7 Â 10 À2 m 3 and its initial temperature was 20 C. The final temperature of the bath was approximately 20 C because the volume of an ice prism was very small. The water in the bath was driven by the belt. The ice prism was made by freezing de-ionized water in a tray placed in the Table 1 Main specifications of cold model.
Sink roll
70 mm Â 210 mm Belt t0:2 mm Â w120 mm Vessel t5 mm Â w410 mm Â D310 mm Â H229 mm refrigerator. It was hexahedron in shape, being geometrically similar to the real ingot. It should be stressed that the surface area of the ice prism was set to be equal to a sphere of a diameter of 0.034 m. The supporting rod of the ice prism was made of stainless steel of a diameter of 2 mm. The ice prism was immersed in the entry region and then fixed there, as shown in Fig. 1 . The surface temperature of the ice prism was 0 C. The origin of the coordinate system (X, Y, Z) was placed at one of the corners of the ice prism (see Fig. 2 ). The planes of the prism were called the front, side, top, rear, and bottom planes, respectively. A change in the size of the prism with time was recorded using three video cameras.
The local thickness, S, was measured at representative 10 positions on the front plane, the side plane, and the top plane, being denoted by (F T ,F S ,F BO ), (S T ,S E ,S B ,S BO ) and (T E ,T B ,T S ), respectively. The values of S at these positions were denoted by S 1 through S 10 . A temporal change in the size of the bottom plane can be readily estimated by using these quantities. The same is true for the rear plane.
Calculation method of local heat transfer coefficient,
h LM The local heat transfer coefficient, h LM , around the ice prism was calculated by substituting the decreasing rate of the local thickness, dS=dt, into the following equation.
where S is the local thickness of the ice prism, t is time, T Mb is the bulk temperature, T Mo (¼ 0 C) is the melting temperature of the ice prism, M is the density of ice, and ÁH is the latent heat of ice.
The mean heat transfer coefficient, h M , was determined by averaging the measured values of the local heat transfer coefficient, h LM , over the entire surface of the ice prism. Figure 3 shows an acrylic prism of the same size and shape of the ice prism immersed in the bath. De-ionized water was used as the working liquid. The temperature of the water in the bath was kept constant (20 C) by means of a thermocontroller. The velocity measurements were carried out with a hot-wire anemometer due to the limitation of the focal length of the laser Doppler velocimeter system. The diameter of the hot-wire made of platinum was 152 mm. A single-hole nozzle was attached to one of the side walls, as already shown in Fig. 1 . De-ionized water of the same temperature as the bath was injected through the nozzle at a prescribed flow rate to calibrate the hot-wire anemometer. The mean water flow velocity, " u u, and the root-mean-square value of the turbulence component, u 0 rms , were measured at 15 representative positions around the acrylic prism, as shown in Fig. 3 . The distance between each measurement position and the surface of the prism was set to be 2 mm at the front plane and the rear plane, and 5 mm at the side plane due to the structure of the hot-wire probe. u u, is also approximately uniform, ca. 2:0 Â 10 À2 m/s, near the side plane, and it is higher than that near the front plane. This situation is induced because the flow near the side plane is locally accelerated. The turbulence intensity, Tu, was approximately 0.50 there. On the other hand, the mean flow velocity, " u u, and the root-mean-square value of the turbulence component, u 0 rms , near the rear plane were not uniform and the turbulence intensity varied over a wide range depending on the measurement position, as expected. In addition, the " u u values near the rear side of the prism were very small. The reason lies in the fact that the wake behind the prism is shed three-dimensionally under this condition.
Measurement of fluid flow velocity
Melting behavior of ice prism
The behaviors of melting ice prisms for three different belt velocities (v sM ¼ 1:5, 1.0 and 0.75 m/s) are shown in Figs. 6, 7 and 8, respectively. The shape of the melting ice prism immersed in the entry region was approximately similar to its original shape until the immersion time of 35 s for every belt velocity. The melting rate became slightly higher as the belt velocity, v sM , was increased. This is because the mean velocity, " u u, and the root-mean-square value of the turbulence component, u 0 rms , of the flow approaching the prism increase as the belt velocity, v sM , is raised. Quantitative discussion on the heat transfer coefficient will be given in the subsequent section.
Local heat transfer coefficient 4.3.1 Temporal change in the representative thickness
The temporal changes in the representative thickness (S 1 ; S 2 ; . . . S 10 ) at a belt velocity, v sM , of 1.5 m/s are shown in Fig. 9 . Every thickness decreased linearly with time, t. The local heat transfer coefficient, h LM , was calculated based on the slope of the line and eq. (13). Figure 10 shows the measured values of the local heat 
Front plane
Top plane
The measured values of the local heat transfer coefficient, h LM , at three representative positions on the top plane are shown in Fig. 11 . The local heat transfer coefficient, h LM , slightly increased with an increase in the belt velocity, v sM . The h LM value was highest at the front side position, T E , and the smallest at the rear side position, T B .
Side plane
The distributions of the local heat transfer coefficient, h LM , at four representative positions on the side plane are shown in Fig. 12 . The heat transfer coefficients except those at S T increased significantly with an increase in the belt velocity, v sM . 4.3.5 Influence of the belt velocity on the melting of ice prism The values of the local heat transfer coefficient, h LM , measured at 10 positions shown in Fig. 2 were averaged to determine the heat transfer coefficient, h M;ave . 
The results are plotted in Fig. 13 for the three belt velocities. The heat transfer coefficient, h M;ave , thus obtained is most sensitive on the side plane, but it is highest on the bottom plane for every belt velocity. Accordingly, the bottom plane is most influential for the melting rate of an ice prism. This is because the melted volumes at the corners of the bottom plane are large, although, at a glance, the front plane seems most influencial in Figs. 6 through 8.
Mean heat transfer coefficient
In order to clearly show the dependence of the mean heat transfer coefficient, h LM , on the mean flow velocity, " u u, and the root-mean-square value of the turbulence component, u 0 rms , the measured values of " N Nu M are compared with previously published empirical equations for " N Nu M . Iguchi et al. 8) proposed the following empirical equation for the mean heat transfer coefficient around spherical and rectangular ice prisms immersed in highly turbulent water jets and water-air bubbling jets by referring to Whitaker's equation.
2)
where v aM in eq. (10) is replaced by " u u measured near the front plane, Mb is the viscosity of the bulk water, and M0 is the viscosity of the water at 0 C. Equation (14) is valid under the following conditions. 1500 < Re pM < 16000; 5:7 < Pr M < 9:2; 0:46 < ð Mb = M0 Þ < 0:7; Tu < 0:5
As the highest Reynolds number is approximately 500 under the present experimental conditions in Fig. 14, eq. (14) is not applicable to this case. According to Fig. 13 in the previous paper, 7) the following empirical equation proposed N Nu R , in the real bath would also be approximated by eq. (4) with sufficient accuracy provided that the Reynolds number, Re pR , is smaller than 500. The Re pR values are however much greater than 500 in the real bath, and, hence, eq. (4) is not directly applicable. Fortunately, according to the previous paper, 7) eq. (14) is applicable when Re pR is much larger than 500.
This fact implies that eq. (4) should be modified in the following form for a higher Re pR value in the real bath.
"
Alternatively, a previous paper of the authors 9) suggests that the following equation is recommended.
This treatment is based on the idea that the heat transfer is enhanced as the boundary layer on a solid body becomes thin through the effect of turbulence. Examination of the adequacy of these equations must be left for a future study. In the real bath Zn ingots are never fixed but float near the surface of the bath. Therefore, it is necessary to examine whether the results obtained in this study can be applied to floating Zn ingots or not. A previous study of the authors 10) demonstrates that the result for an ice prism fixed in a bath agitated by gas injection is approximately applicable to predicting the melting behavior of a floating ice prism. This fact suggests the usefulness of the present results in practical applications.
Conclusions
The melting process of a Zn ingot immersed in a hot dip plating bath was investigated using a cold model bath with a reduced scale of one-tenth of the real bath. An ice prism of hexahedron in shape was used as a model for the Zn ingot. The main findings obtained in this study can be summarized as follows:
(1) The main flow around the ice prism is directed from the entry region to the front plane of the ice prism. The approaching velocity increased with an increase in the belt velocity, v sM . The local heat transfer coefficient, 
